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We propose a new measurement scheme for the atom-molecule dark state by using electromag-
netically induced transparency (EIT) technique. Based on a density-matrix formalism, we calculate
the absorption coefficient numerically. The appearance of the EIT dip in the spectra profile gives
clear evidence for the creation of the dark state in the atom-molecule Bose-Einstein condensate.
PACS numbers: 03.75.Nt, 42.50.Gy, 32.80.Qk
The phenomenon of dark states is well known in quan-
tum optics and is based on a superposition of long-lived
system eigenstates which decouples from the light field.
The coherent dark states lead to the phenomenon of elec-
tromagnetically induced transparency [1,2]. The light-
matter coupling associated with the EIT can be used for
the preparation and detection of coherent matter wave
phenomena in ultra-cold quantum gases. For instance,
EIT has been suggested as a probe for the diffusion of
the relative phase in a two-component Bose Einstein con-
densate (BEC) [3]. The absorption apectra of the EIT in
Λ configuration BEC have also been studied both exper-
imentally [4,5] and theoretically [6,7]. Hau et al., have
demonstrated the reduction of the group velocity of a
light pulse to 17 m/s [8]. Using similar experimental
setup, Liu et al., demonstrated the coherent storage and
read out of optical information in the ultracold EIT sam-
ple [9].
Recently, possibility of preparing atom-molecule Bose-
Einstein condensate (AMBEC) has attracted wide atten-
tions [10–13]. Condensed bosonic atoms can be converted
to a molecular condensate by using either the photoas-
sociation process (PA) [10,14,15] or the so-called Fesh-
bach resonance method [11,12,16,17]. In one-color PA,
two colliding atoms absorb a photon and form an elec-
tronically excited molecule. To overcome the generation
of the highly excited molecules, two-color free-bound-
bound mechanism, i.e., stimulated Raman adiabatic pas-
sage was proposed to convert atomic BEC into a molec-
ular condensate [18–24]. The two-color PA scheme re-
lies on the atom-molecule dark state (AMDS). Besides
the dynamical property of the PA, photoassociative spec-
troscopy of the one-color PA [25,26] and the two-color PA
[27,28] has been studied intensively in the ultracold atom-
molecule system. Most recently, Winkler et al., demon-
strated the creation of the AMDS by measuring two-color
PA spectra [29]. Dumke et al., observed similar spectrum
profile in the thermal sodium gas [30]. The PA spectra
measurement is in fact the population of atoms or ex-
cited molecules (i.e., diagonal density matrix elements),
which does not imply the macroscopic coherence between
atoms and molecules [30].
In this Letter, we propose an absorption imagining
study of electromagnetically induced transparency in a
Λ-type atom-molecule Bose-Einstein condensate. Our
scheme has many advantages, such as (i) the absorp-
tion spectra in multilevel atomic systems has been well-
understood in terms of the dark states; (ii) the obser-
vation time (several µs) of our scheme is much shorter
than that of Ref. [29] (typical ten ms), which drastically
reduces the influence of the particle losses. Our study
is outlined as follows. First of all, we derive a density-
matrix formalism from a coupled Gross-Pitaevski equa-
tions. Previous results in Ref. [29] are reproduced by
calculating the atomic population. To proceed, we in-
vestigate temporal evolution of the off-diagonal density
matrix elements. Our results show a destructive inter-
ference in the AMBEC. We focus on the absorption co-
efficient of weak-probe field, and find the EIT dip in the
spectra, which exhibits the creation of the AMDS. Fi-
nally, we present analytically the linear susceptibility of
the AMBEC.
We consider a Λ configuration atom-molecular BEC
system [29], where two ground states |a〉 and |g〉 are cou-
pled to an intermediate excited state |b〉 by two external
optical fields. In the framework of mean-field theory, the
dynamics can be well described by the Gross-Pitaevski
equations for the normalized field amplitudes a, b, and g
[18–24] (h¯ = 1):
a˙ = iΩ1a
∗b, (1a)
b˙ = (i∆1 − γb/2) b+ i
2
(Ω1a
2 +Ω2g), (1b)
g˙ = (iδ − γg/2)g − i
2
Ω2b, (1c)
where Ωj with j = 1, 2, are the free-bound and the
bound-bound Rabi frequencies, respectively. Due to
Bose-enhancement, Ω1 is proportional to
√
̺0, where
̺0 is the atomic initial density. The decay rates γb
and γg of the molecules are included phenomenolog-
ically. It was shown that γg is intensity dependent
[29]. The two-photon detuning is δ = ∆1 − ∆2, where
∆1 = ω1 − (Eb − 2Ea) and ∆2 = ω2 − (Eb − Eg). Here,
ωj with j = 1, 2 are frequencies of the fields, and Eα
with α = a, b, g are the internal energies of species α, re-
1
spectively. The atom-atom, atom-molecule interactions
contribute mean-field shifts to the detunings in Eq. (1).
For low atomic density, e.g., ̺0 = 2 × 1014 cm−3, the
shifts are small and can be neglected.
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FIG. 1. Dark resonances in two-color photoassociation
spectra for (a) the low power case I1 = 7 Wcm
−2, and I2 = 0
(the dotted line), 0.7 Wcm−2 (the solid line) . ∆2 = 0; (b)
high power case I1 = 80 W/cm
2 and I2 = 20 W/cm
2. The
detuning are ∆2 = 0 (the dotted line), 2pi×27 MHz (the solid
line).
To investigate atom-molecule coherence, we further in-
troduce 3 × 3 dimensional density matrix elements as
the following [31]: ρa = |a|2, ρb = |b|2, ρg = |g|2,
ρba = b(a
∗)2, ρga = g(a
∗)2, and ρbg = bg
∗, where ρba
(ρga) describes the photoassociation of two atoms into
one excited (ground) molecule. Within a rotating frame,
the equations of motion for the populations are
ρ˙a = iΩ1(ρba − c.c), (2a)
ρ˙g = −γgρg + iΩ2
2
(ρbg − c.c), (2b)
ρ˙b = −γbρb − iΩ1
2
(ρba − c.c)− iΩ2
2
(ρbg − c.c). (2c)
In the absence of molecular decaying, i.e., γb = γg = 0,
the total atom number is conserved and ρa+2(ρb+ρg) =
1. The coherence part density matrix elements obey
ρ˙ga = (iδ − γg
2
)ρga − 2iΩ1ρaρ∗bg + i
Ω2
2
ρba, (3a)
ρ˙ba = (i∆1 − γb
2
)ρba + i
Ω1
2
(ρ2a − 4ρaρb) + i
Ω2
2
ρga, (3b)
ρ˙bg = (i∆2 − Γ
2
)ρbg + i
Ω1
2
ρ∗ga + i
Ω2
2
(ρg − ρb), (3c)
where Γ = (γb+γg). Unlike the Λ-type atom system, the
second terms of Eqs. (3a) and (3b) are nonlinear due to
the free-bound transition.
We solve the above coupled differential equations
(2) and (3) numerically using a fourth-order Runge-
Kutta routine. Following Ref. [29], we study a di-
lute 87Rb BEC with a peak density ̺0 = 2 ×
1014 cm−3, then the parameters are γb = 2π × 13 MHz,
Ω1/
√
I1 = 2π × 8 kHz/(Wcm−2)1/2, and Ω2/
√
I2 =
2π×7 MHz/(Wcm−2)1/2. The decay rate of the ground-
state molecules is γg = 2π × 6 kHz/( Wcm−2)I1 + γbg,
where the background decay rate γbg ≈ 2π×1 kHz at the
peak density ̺0.
In Fig. 1(a), we consider the low-power field with
I1 = 7 Wcm
−2, and I2 = 0 (the dotted line), 0.7 Wcm
−2
(the solid line), respectively. Our results agree with the
experimental results as expected [29]. In one-color pho-
toassociation, the spectrum for a dipole-allowed transi-
tion is a Lorentzian with a width set by the optical transi-
tion linewidth. The presence of the coupling laser field re-
sults in the dark resonance appeared near the two-photon
resonant point δ = 0. The linewidth is much narrower
than the natural linewidth of the excited molecules γb.
In Fig. 1(b), we calculate ρa(δ) for relatively high laser
power I1 = 80 W/cm
2 and I2 = 20 W/cm
2 with the
detunings ∆2 = 0 (the dotted line), 2π × 27 MHz (the
solid line). The results show relative broadened dark res-
onance lines [29], and nonzero ∆2 results in asymmetric
spectrum, as shown by the solid line in Fig. 1(b).
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FIG. 2. Time evolution of Im(ρba) and Re(ρga) for
I1 = 7 Wcm
−2, and I2 = 0.7 Wcm
−2 (the dotted lines),
0.18 Wcm−2 (the dashed lines), and I1/80 (the solid lines).
∆1 = ∆2 = 0.
The diagonal matrix element ρa does not imply a co-
herent superposition of atoms and molecules [30]. To in-
vestigate the macroscopic coherence, we propose to mea-
sure the probe-field absorption coefficient, which is pro-
portional to Im(ρba). Fig. 2 shows temporal evolution
2
of Im(ρba) and Re(ρga) for low-power case. We find that
Im(ρba) grows quickly then decays to the steady-state
values around 3.4µs. The steady-state value of Im(ρba)
depends on the coupling field Rabi frequency Ω2. The
larger Ω2 is, the smaller the value is. Fig. 2(b) shows
that Re(ρga) is always negative during total evolution,
which implies destructive interference between the two
competitive transitions.
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FIG. 3. Absorption spectra, Im(ρba) for I1 = 7 Wcm
−2,
(a) I2 = 0.7 Wcm
−2, (b) 0.18 Wcm−2, (c) I1/80. ∆2 = 0.
The dotted line is the case of I2 = 0.
We calculate the absorption spectra of the probe field
from Eqs. (2) and (3) for I1 = 7 Wcm
−2. In the ab-
sence of the coupling field, Lorentzian shape of Im(ρba)
corresponds to the resonant absorption in the two-level
system (see dotted lines in Fig. 3). For Ω2 6= 0, the
absorption spectrum exhibits an EIT dip near the reso-
nant point δ = 0. The depth and width of the dip are
dependent on the coupling field Rabi frequency Ω2. For
a relatively larger Rabi frequency, e.g., I2 = 0.7 Wcm
−2,
the medium becomes almost transparent. With the de-
crease of I2, the molecular losses become dominant, and
the transparency is no longer perfect.
Time-evolution of Im(ρba) and Re(ρga) for the high-
power cases with I1 = 80 Wcm
−2 and I2 = 20 Wcm
−2
exhibit damped oscillations, which tend to steady-state
values at about 1µs. Again Re(ρga)< 0 during time-
evolution indicates the destructive interference in the
high-power regions. In Fig. 4 (a), we calculate the ab-
sorption spectrum for ∆2 = 0. The absorption profile
shows the signatures of an Autler-Townes doublet. The
separation of two peaks are about 2π × 30 MHz, which
agrees with the magnitude of Rabi frequency Ω2. For
nonzero ∆2, Im(ρba) oscillates irregularly with time evo-
lution, and the spectra become asymmetric and exhibit a
board and narrow peak, as shown in Fig. 4(b) and 4(c).
According to Ref. [22], the Rabi frequencies take the
forms of Ω1 = d1E1I(1)
√
̺0/2 and Ω2 = d2E2I(2), where
dj (j = 1, 2) are mean dipole matrix moments, Ej the
slowly varying field amplitudes, and I(j) the Franck-
Condon overlap integrals, respectively. A factor of
√
2
is introduced in Ω1 to consistent with the notation in
Ref. [22]. The linear susceptibility is χ(1) =
2̺0d
∗
1
ǫ0E1
ρ
(1)
ba ,
where ρ
(1)
ba is the first-order solution of ρba. Within
the weak-probe regime, i.e., Ω1 ≪ Ω2, γb, the ab-
sorption of the AMBEC can be well-described by the
first-order steady-state solution ρ
(1)
ba = iΩ1/(2F ), where
F = γb/2− i∆1+ Ω
2
2
/4
γg/2−iδ
[32]. Combining the above dis-
cussions, we obtain the linear susceptibility of the AM-
BEC system
χ(1) =
i̺
3/2
0 |d1|2I(1)√
2ǫ0F
. (4)
For 87Rb BEC, I(1) ≃ 10−11cm3/2 and I(2) ≃ 0.1
[15,22]. Considering the density ̺0 = 2 × 1014cm−3
and the probe field intensity I1 = 7Wcm
−2, we ob-
tain E1 =
√
2I1/(cǫ0) = 7.264 × 103V/m. Conse-
quently, we can calculate the mean dipole matrix mo-
ment d1 = 19.3 × 10−30Cm. It was shown by Ref. [26],
the dipole matrix moment of the free-bound transition to
the excited molecular state is relatively smaller than the
atomic dipole.
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FIG. 4. Absorption spectra, Im(ρba) for I1 = 80 Wcm
−2,
I2 = 20 Wcm
−2. (a) ∆2 = 0, (b) ∆2 = 2pi × 27 (MHz), and
(c) ∆2 = 2pi × 44 (MHz).
In summary, we have proposed the possibility of ob-
serving the EIT in the AMBEC system. From the intro-
duced density matrix formalism, we study how the trans-
parency of a probe beam of free-bound transition can be
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controlled via a coupling light beam resonant with the
bound-bound transition. All of our results are consis-
tent with that of Ref. [29]. We show that in weak-probe
limit, the absorption profile can be well-described by the
first-order steady-state solution of the matrix element.
We present analytical expression of the linear suscep-
tibility χ(1), and calculate electric dipole moment, d1,
for the free-bound transition. Finally, we would like to
emphasize that, compared with the previous photoasso-
ciative spectroscopy [29], the measurement of probe-field
absorption has its advantage to give direct coherence in-
formation of the AMBEC dark state, and the observation
time of our scheme is much shorter so that the particle
dissipation effects can be reduced significantly.
This work is supported in part by the BK21 and by
KOSEF through Center for Strongly Correlated Materi-
als Research, SNU (2005).
a Present Address: Department of Physics Education, Pu-
san National University, Busan 609-735, Korea
b Electronic address: jingr aps@yahoo.com.cn
[1] S. E. Harris, Phys. Today 50, 36 (1997).
[2] M. O. Scully, and M. S. Zubairy, Quantum optics (Cam-
bridge University Press, Cambridge, 1997).
[3] J. Ruostekoski, and D. F. Walls, Eur. Phys. J. D 5, 335
(1999); Phys. Rev. A 59, R2571 (1999).
[4] M. Mitsunaga, M. Yamashita, and H. Inoue, Phys. Rev.
A 62, 013817 (2000).
[5] V. Ahufinger, R. Corbalan, F. Cataliotti, S. Burger, F.
Minardi, and C. Fort, Opt. Comm. 211, 159 (2002).
[6] O¨. E. Mu¨stecaphog˘lu, L. You, Opt. Comm. 193, 301
(2001).
[7] I. Vadeiko, A. V. Prokhorov, A. V. Rybin, and S. M.
Arakelyan, Phys. Rev. A 72, 013804 (2005).
[8] L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi,
Nature 397, 594 (1999).
[9] C. Liu, Z. Dutton, C. H. Behroozi, and L. V. Hau, Na-
ture 409, 490 (2001); Z. Dutton, and L. V. Hau, Phys.
Rev. A 70, 053831 (2004).
[10] P. D. Drummond et al., Phys. Rev. Lett. 81, 3055 (1998).
[11] E. Timmermans et al., Phys. Rev. Lett. 83, 2691 (1999);
Phys. Rep. 315, 199 (1999).
[12] F. A. van Abeelen and B. J. Verhaar, Phys. Rev. Lett.
83, 1550 (1999).
[13] R. Wynar et al., Science 287, 1016 (2000).
[14] J. Javanainen and M. Mackie, Phys. Rev. A 59, R3186
(1999).
[15] D. J. Heinzen et al., Phys. Rev. Lett. 84, 5029 (2000).
[16] E. A. Donley et al., Nature 417, 529 (2002).
[17] N. R. Claussen et al., Phys. Rev. A 67, 060701 (R)
(2003).
[18] A. Vardi, D. Abrashkevich, E. Frishman, and M. Shapiro,
J. Chem. Phys. 107, 6166 (1997); A. Vardi, V.A.
Yurovsky, and J.R. Anglin, Phys. Rev. A 64, 063611
(2001).
[19] P.S. Julienne, K. Burnett, Y.B. Band, and W.C. Stwal-
ley, Phys. Rev. A 58, R797 (1998).
[20] J. Javanainen and M. Mackie, Phys. Rev. A 58, R789
(1998); M. Mackie, A. Collin, and J. Javanainen, Phys.
Rev. A 71, 017601 (2005).
[21] J.J. Hope, M.K. Olsen, and L.I. Plimak, Phys. Rev. A
63 , 043603 (2001).
[22] P. D. Drummond, K.V. Kheruntsyan, D.J. Heinzen, and
R.H. Wynar, Phys. Rev. A 65, 063619 (2002); Phys. Rev.
A 71, 017602 (2005).
[23] B. Damski, L. Santos, E. Tiemann, M. Lewenstein, S.
Kotochigova, P. Julienne, and P. Zoller, Phys. Rev. Lett.
90, 110401 (2003).
[24] H.Y. Ling, H. Pu, and B. Seaman, Phys. Rev. Lett. 93,
250403 (2004).
[25] C. McKenzie et al., Phys. Rev. Lett. 88, 120403 (2002).
[26] I. D. Prodan et al., Phys. Rev. Lett. 91, 080402 (2003).
[27] B. Laburthe, C. Drag, and P. Pillet, Phys. Rev. A 64,
061401 (R) (2001); Ch. Lisdat, N. Vanhaecke, D. Com-
parat, and P. Pillet, Euro. Phys. J. D. 21, 299 (2002).
[28] U. Schlo¨der, T. Deuschle, C. Silber, and C. Zimmermann,
Phys. Rev. A 68, 051403 (R) (2003).
[29] K. Winkler, G. Thalhammer, M. Theis, H. Ritsch, R.
Grimm, and J. H. Denschlag, Phys. Rev. Lett. 95, 063202
(2005).
[30] R. Dumke, J. D. Weinstein, M. Johanning, K. M. Jones,
and P. D. Lett, Phys. Rev. A 72, 041801 (R) (2005).
[31] T. Hornung, S. Gordienko, R. de Vivie-Riedle, and B. J.
Verhaar, Phys. Rev. A 66, 043607 (2002).
[32] J. Gea-Bancloche, Y.-Q. Li, S.-Z. Jin, and M. Xiao, Phys.
Rev. A 51, 576 (1995).
4
